Introduction
A review was made (1) at the I.A.G.A. Aeronomy Symposium at the 1963 I.U.G.G. Congress at Berkeley on the state of knowledge of transition probability parameters for radiative transitions in species of aeronomical importance. A wide range of aeronomical phenomena (cold air absorption, hot air absorption, aurora, dayglow, nightglow, twilight gldw) were considered there. In this paper, which is not intended to be so extensive, the previous review is supplemented with an account of some of the developments which have occurred in the past few years. The emphasis is more molecular than atomic, and in view of the very large volume of new data treated, reference is made here to papers only.
In the past five years the direction of aeronomical spectroscopy has been by the increased use of rocket, balloon, and satellite techniques to extend the wavelength region of active study into the vacuum ultraviolet region of the spectrum. New firm data in the wavelength region (1000-3500 A) have been established both in the aurora and in the airglow. Some extensions have also been made in the infrared.
Thus the wavelength region considered in this paper is 1 000 -10 000 A. Within this wavelength region height profiles of important species have also been studied, and a continuing debate proceeds on the kinetics of reactions necessary to maintaining the species concentrations. Such work also requires firm knowledge of radiative lifetimes of excited species so that radiative depopulation processes can be accurately comgreater volume of basic data has to be assessed for all of the thousands of radiative transitions involved. Thus no attempt is made there to present tabular data. There has been a great deal of laboratory and associated theoretical work in the past five years stimulated by the needs of observational aeronomy and astrophysics. Some of this is also reviewed below. Chamberlain's monograph (2) remains an essential reference work to the whole field.
General Concepts
Much of aeronomy consists of diagnostic studies of the upper atmosphere by using the methods of quantitative spectroscopy on auroral and airglow emissions. Clear quantitative discussion of radiative transitions has often been obscured by ambiguous use of the many transition probability parameters which are commonly employed. Tatum (3) has made a very clear exposition of the transition probability aspects of molecular spectra.
The controlling parameters of the U , v', J' ++ L', v", J" radiative molecular transition (symbols conventional (4) ) is the transition strength matrix element.
In most aeronomical situations it is possible to average over the rotational structure of (vf,v") bands. The dominating parameter for such a band is then the band strength pared with collision processes.
where the electronic transition moment R,(r) is For collision processes and reactions, a few defined in eq. [2bl, and $, are the vibrational hundreds of processes at the most have to be wavefunctions. considered and are reviewed in other DaDers of [3i] T,, = l/C,.tA,,,,, = ~/~,~~v~~~,~~S ,~,~~ ate electronic transition moments for simple molecules from an ab initio basis. Until quite recently resort had to be made to experiment for this, as our knowledge of electronic wavefunctions was almost as primitive as the computation power necessary to calculate them to a sufficient degree of accuracy that derived functions of them could be calculated with some confidence. In later sections of this paper we shall very briefly review recent experimental and theoretical work on most aspects of the band strengths for aeronomically important transitions.
The above discussion relates to radiative transitions. Electron collision induced transitions (excitation and/or ionization) may be similarly treated. Cross-sections for excitation and ionization of molecules are controlled by a similar strength factor where Y's are the respective total wave functions of the system (molecule + electron) before and after collision and Vis the potential field in which the electron moves (1, 5, 6) . Appeal to the BornOppenheimer approximation and to the Born approximation allows eq.
[4a] to be factored into 
[4cI
Ge(r) = S$' e,ec$uV$"c,ee$, d~e The Franck-Condon factors thus control to a large extent the vibration levels which are excited in electron collisions of molecule, and thus the spectral character of the resulting radiation, provided that the exciting (and/or ionizing) electrons may be represented by plane waves. A classic series of researches by Lassettre and The band strength dominates all of these, and colleagues (see on) in electron energy loss spectroin that many of them are used diagnostically to scopy has confirmed how closely the Franckdetermine aeronomic conditions, it is of the Condon principle is followed in electron excitagreatest importance that firm information be tion of molecules by relatively energetic electrons, available on band strengths. Thus experimental where the Born approximation is applicable. programs of great variety have been in progress to determine band strengths, and associated Aeronomically Important Species and theoretical programs have been in progress to Transitions study molecular potentials, calculate FranckWith the exception of NO, no great change has Condon factors (which dominate band strengths), occurred during the past five years in the imporand more recently a start has been made to calcul-tant species and transitions recognized in aeroCan. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 09/16/19
For personal use only. nomical spectra. In contrast, it is apparent from other papers of this symposium that a number of new active species have been proposed to play possible active roles in rate processes. Two atlases of cold air absorption have recently been published (7, 8) . Two atlases of airglow spectra have also recently appeared (9, 10) . These atlases together with those in Chamberlain's monograph (2) are valuable aids to identification. Krassovsky and Sefov (11) have published a useful review paper on the airglow which lists important emitters. Barth (12, 13) made a most important contribution to the field by firmly establishing NO as an airglow emitter (of the gamma bands). The spectra of N,, N,', O,, O,', NO, OH, NI, NII, 01,011, Na, H, Li, He, and Ca in the airglow and aurora have, in a number of cases reviewed below, been extended into the vacuum ultraviolet and less frequently into the near infrared. A number of the predictions of Swings, Bosman-Crespin, and Arpingny (14) on the nature of the auroral spectrum in the ultraviolet have been borne out. A very useful quantitative review has been made by Marr (15) of the processes which attenuate solar radiation in the atmosphere, particularly in the ultraviolet region of the spectrum. There have been further studies on the emissivity of high temperature air which will not be reviewed here.
The following short list reviews features of atomic and molecular spectra particularly in the vacuum ultraviolet which have been established as important since the last symposium.
Atomic Features Hydrogen
Lyman alpha at 1216 A has been recognized as an important feature of the airglow spectrum for some years (16, 17) . There is a continuing debate as to whether it is also part ofthe auroral spectrum (18) . Miller, Fastie, and Isler (19) showed that while Lyman alpha, N, 0 , and N, features were detected in the 1050-1550 A region using rocket techniques, the strength of the Lyman alpha feature seemed to be independent of the orientation of the rocket. Helium Krassovsky and Shefov (11) 
Molecular Features
There have been significant extensions to our knowledge of important molecular transitions in the aurora and airglow in recent years, particularly in the ultraviolet. The most important of these is the observation of NO gamma bands by Barth in the airglow and the observation of the Lyman-Birge-Hopfield bands of N, in the aurora by Fastie and colleagues. In addition to observational work there has been much activity in developing phenomenological theories of excitation of atmospheric luminosities by electron and photon streams by Barth, Green, and colleagues, in many of which account is taken of numerous molecular band systems. Nitrogen The band-system which has received the greatest attention is the allT-XIC Lyman-BirgeHopfield system of N,. This has been studied in auroral spectra by Fastie, Crosswhite, and Markham (23), Isler and Fastie (24) , Murcray (25) , and Fastie, Miller, and Isler (26) . There has been speculation that the Birge-Hopfield (bln-XIC+) and the Watson-Koontz (h1z,+-x'C,') band systems also occur in the auroral spectra. The Lyman-Birge-Hopfield system is the major emitter. Definitive identification or refutation of Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 09/16/19
For personal use only. other nitrogen systems may be possible through a photographic study of the vacuum ultraviolet spectrum of the aurora using rocket techniques such as is in progress in the author's laboratory. Recent work suggests that the Lyman-BirgeHopfield system may well be the only strong emitter. It is surprising, however, that in view of the strength of the N,+ (B2C-X2C) First Negative spectra in, the aurora that the Second Negative bands (C2C-X2C) which lie in the same wavelength region as the Lyman-Birge-Hopfield, have not yet been observed. About 23 V is required to excite them directly from the ground state.
In the phenomenological theoretical study of excitation of the ultraviolet spectrum of the aurora by the "stopping" of electron beams, Green and Barth (27) (30), and Green and Barth (31) . Recent rocket studies by Fastie, Miller, and Isler (26) suggest that some of the estimated contributions from band systems other than the Lyman-Birge-Hopfield may be too large. The Second Negative system of N 2 + does not seem to have been considered. Nitric Oxide One of the most important observations of the past few years is that of Barth (12, 13) of the NO (A'C-X211) gamma bands in the spectrum of the airglow. He reports that no beta (B211-X211) bands were observed. Oxygen Many observations have been made of the 0, atmospheric (blC,+-X3C,-) and 0, infrared atmospheric (alA,-X3C,-) emissions from the airglow. No new band systems of 0, have been observed. Hennes (142) reports extended observations on the 02(A3C-X3C) Herzberg I system into the 2300-3800 A region in a rocket airglow observation. It had previously been observed, for many years, over a small wavelength region from ground-based observations. Barth (32) and Tohmatsu (33) have suggested that there may be a contribution to the dayglow from fluorescently excited 0, Schumann-Runge (B3C-X3C). Although most photon-O,(X) collisions would dissociate the O,, some transitions to bound B-levels could re-radiate and redistribute the radiation to longer wavelengths, according to the FranckCondon principle. The predicted spectrum has been calculated by Barth and Tohmatsu between 1800 and 3000 A but has not yet been observed.
Continua
The air afterglow continuum from NO f 0 -, NOz* -, NO, f hv (2) which has been one possible contributor to the airglow continuum may be reinforced by the continuum from inverse photodissociation of ozone in the Chapuis region (Gadsen (34)). The process involved is 02(a1A) f 0(3P) -, O3 f hv. This additional process may account for the peak in the airglow continuum at 6000 A.
Experimental and Theoretical Work
Much experimental and theoretical work has been done during the past 5 years to provide reliable and firm data on the transition probability (and related) parameters reviewed in Section I1 for species of aeronomical importance. 1964, have studied the electron energy loss spectra in many gases, including atmospheric gases. They have compared and correlated their cross section measurements with the equivalent optical transition probabilities by appeal to a property of the Bethe generalized oscillator strengths (43) . The inelastic cross section is a function of the generalized oscillator strength which, in the limit of zero electron momentum change, becomes the optical transition probability. See ref. (44) for discussion of the relevant theory, and ref. (45) for an application of work to the Lyman-Birge-Hopfield system of N,. See also Lassettre's review in this symposium.
Similar major trends in theoretical work have been Ab Initio Quanta1 Calculations of Molecular Properties Within the past few years it has become possible, using the capabilities of large electronic computers, to make a start to study from first principles the detailed properties of complex multi-particle systems such as light diatomic molecules, to a sufficient degree of accuracy that comparison with experiment may fairly confidently be made. In early work of this nature the sheer volume of calculation of wave functions precluded the study of them at more than one internuclear separation. The situation is rapidly changing and realistic ab initio calculations of molecular properties are being made in a number of laboratories, notably at the University of Chicago. The topic will not be pursued further here except to mention a recent review of Ohno (46) on calculations on 0, and N,.
Molecular Potentials, Molecular Wavefunctions, and Derived Quantities It is clear from the equations of the section "General Concepts" that the Franck-Condon factors and r-centroids are important desiderata for the diagnostic interpretation of aeronomical spectral intensities. These quantities are derived from molecular vibrational (and vibrationrotation) wavefunctions which are themselves solutions of the Schrodinger equation for the one dimensional molecular vibrating rotator appropriate to a specific molecular potential. Thus much effort has been expended in compiling accurate and realistic numerical molecular potentials, using a variety of methods and using experimental measurements of molecular properties as basic data. Gilmore (47, 48) There has also been much effort in a number of laboratories to develop efficient and comprehensive computer programs to solve the wave equation numerically appropriate to the numerical potentials and to compute derived quantities of these wavefunctions such as Franck-Condon factors and r-centroids. Such work has been done by Jarmain (52-54), Cooley (55, 56) , Cashion (57), Zare, Larson, and Berg (58), and by Spindler (51) . Work of a similar nature is in progress in the E.S.S.A. laboratories at Boulder (59), at the Air Force Special Weapons Laboratory, Kirtland, New Mexico (60), and in the author's laboratory (61) where a very comprehensive program has been prepared to produce automatically Franck-Condon factor and rcentroid arrays (including rotation-vibration interaction) for the variety of realistic potentials. Aeronomic and astrophysical transitions have been emphasized in this work and the results will shortly appear in a number of monographs.
There has also been some activity in the calculation of Franck-Condon factor arrays for a number of transitions appropriate to analytic potentials. A review has been made (62) of nearly 100 transitions studied by the author using the Morse model of potential, and ways by which interpolation among such arrays may be carried out. Not only have radiative transitions between bound states been considered but also excitation and ionization transitions of aeronomical interest with applications to eq. [4b] have been published (6, 63) . Studies have also been made of FranckCondon densities of photodissociation continua of 0, (64,65). The matrix multiplication property (66) of vibrational overlap integrals of transitions between three cyclically ordered states i, j, k may provide another rapid way of roughly estimating Franck-Condon factors.
The r-centroid concept has been under debate, particularly the circumstances under which it breaks down. A recent detailed study by Drake (67, 68) For personal use only.
These include the large majority of aeronomic band systems.
PhenomenologicaI Studies of Aeronomical Luminosities Reference has already been made to the work of Green, Barth, and colleagues (see ref. 69 ) and relevant references under nitrogen in section above) on the use of phenomenological models for electron stopping power and fluorescence efficiencies to predict spectral energy distributions of aurorae and airglows in planetary atmospheres. This work is briefly discussed in the communication of Peterson at the symposium.
We now make a brief review of specific experimental and theoretical studies of aeronomic species and transitions.
Transitions: A, Molecular Transitions Nitrogen (N,)
Lifetime Measurements Some of the most important experimental work on N, during the past five years has been lifetime measurements on electronic states. The triplet states have been the most studied. Jeunehomme (40) Intensity Measurements Intensity measurements have been made in emission and absorption on a number of aeronomically important band systems of N,.
(i) Vegard-Kaplan System (A3CUf -X'Cgf ) : Chandriah and Shepherd (36) have measured the intensities in emission of 18 bands of the VegardKaplan system, interpreted the results in terms of electronic transition moment variation, and reported an array of relative band strengths. Their measurements are in good accord with those of Carleton and Papaliolios (82) which were used by Nicholls (I) at the last symposium to place band strengths for the system on an absolute basis.
In view of the balance of experimental evidence cited above that the lifetime of A3C,+ levels is about 1 s, it does not appear necessary to radically modify the absolute transition probabilities for Vegard-Kaplan bands presented in ref. 1.
(ii) Lyman-Birge-Hopjield System (alll,-X'C,) : Intensity measurements have been made in emission on this system by McEwen (37, 83) who showed, as had been previously suggested (84) , that the electronic transition moment was relatively insensitive to internuclear separation, and thus the band strengths followed FranckCondon factors. These data may be placed on an absolute basis by use of the oscillator strengths of 10 bands of the v" = 0 progression measured in absorption by Ching, Cook, and Becker (85) . (38) . This work is discussed by Huffman at the symposium (93) .
TlzeoreticaI Work Insofar as theoretical work on N, is concerned, reference has been made earlier to the work of Gilmore (48) (50) have provided another authoritative set of potential curves for N, states below 11 eV derived from a critical assessment of molecular data. They point out inconsistencies in some of the similar curves computed by Zare, Larsen, and Berg (58) which in part invalidate some ofthe most useful FranckCondon factor tables published by them for many N, transitions appropriate to realistic potentials. In two further papers (94, 9 9 , Vanderslice, Tilford, and Wilkinson present Franck-Condon factor tables for a large number of N, transitions computed using realistic potentials. They point out that in a number of cases, earlier calculations using Morse potential are still quite acceptable. Halmann and Laulicht (96-100) published arrays for some N, and other band systems using the Morse and realistic potentials for isotopically substituted molecules. Nicholls (63) Herzberg I ( A~C~+ -X~C~-) System: Degen and Nicholls (108) using a newly developed laboratory source of the bands (109) have measured the intensities of 36 bands of the system in the 259% 4880 A region of the spectrum (1 10). It was found that the electronic transition moment was relatively independent of internuclear separation and that the relative band strengths follow the Franck-Condon factors quite closely. Some absorption measurements on the same system and its associated photodissociation continuum are in progress in the author's laboratory. Blake, Carver, and Haddad (111) have made some measurements on the continuum.
Schuinann-Runge (B~c,--X~C,-) System: The Schumann-Runge photodissociation continuum transition is one of the strongest sources of free atomic oxygen in the upper atmosphere (15) . It has been studied by Metzger The gamma band system of NO has been recently reported in the airglow by Barth. Recent laboratory and theoretical work on this band system is as follows. Jeunehomme (126) reports lifetime measurements and band strengths, as do Callear, Pilling, and Smith (127) and Marr (128) .
Nicholls (129) reports Franck-Condon factors.
Attention is drawn to the useful and recent privately circulated report by Main (130) on molecular transition probabilities of molecules.
Transitions: B, Atomic Transitions
Oscillator strengths of aeronomically important hydrogen lines (e.g. Lyman alpha) are available from exact theory (131) . There have also been a number of recent extensive theoretical studies on atomic oxygen and nitrogen lines (132, 133) 
